The stereo vision results from the interaction between geometrical optics and visual psychology. Large depth will bring discomforts for the results of ghosting and°icker. The relevance of the ratio of jumping out depth (RJD) and electroencephalogram (EEG) gravity frequency (GF) was explored to re°ect human health under di®erent three-dimensional (3D) depth information (mainly the negative disparity) displayed on a three-dimensional television (3D-TV) with shutter glasses. EEG was obtained from 10 volunteers when they were watching 3D¯lm segments with di®erent negative disparities. The brain GF map shows that the depth information has a stronger in°uence on the frontal lobe than on the occipital lobe. For regression analysis, nonlinear curvē ttings of GF to RJD in Fp1, F3, O2 and T5 channels were mainly performed when RJD ranged from 0 to 3.4, while linear¯ttings were performed in some special RJD ranges. It also con¯rms that RJD above 2.2 may lead to discomfort to human body. Finally, it suggests a suitable RJD range for people to watch from the objective method. The outcomes can be used as a guidance to decrease human discomforts induced by 3D production.
Introduction
Despite 3D (three-dimensional) technology becoming a historical change in modern industry that brings visual feast to people, its disadvantage especially the health impact is increasingly apparent in recent years. Some feel physical discomforts like eye strain, dizziness, even nausea after watching three-dimensional television (3D-TV).
Scientists are exploring the internal factors which can induce these discomforts by using subjective questionnaires or analyzing some physiological signals. For example, scientists have con¯rmed that watching 3D-TV for a long time may lead to visual fatigue. When watching time increases, the eye strain increases at the same time. 1 Li and his team certi¯ed that the event-related potential component P700 delayed as watching duration increased in 3D condition. 2 Mun's experiment also showed that people with fatigue exhibit signi¯cantly reduced P600 amplitudes and delayed P600 latencies in the postviewing condition of one hour watching. 3 In addition, the video contents, 4 ambient illumination level, 5 the screen size, 1, 6 the depth information of stereoscopic images 7, 8 and the crosstalk 9,10 also could cause discomfort. Moreover, the discomfort may relate to human physical conditions as well. Children are not t for watching stereoscopic 3D viewing 9,11 due to their susceptible vision. Some greater visual and motion sickness symptoms also occurred in 3D viewing. 12, 13 Based on these aspects, qualitative conclusions have been certi¯cated in many aspects, however, quantitative analysis is still lacking.
In this paper, we are going to explore more detailed clues from changes in the electrophysiological signal parameters namely the EEG gravity frequency (GF) which varies with di®erent depth information and hope to get the quantitative role of the 3D depth impact on human health.
Materials and Methods

Depth information of 3D¯lm
Depth information is the key factor for the formation of stereoscopic e®ect in 3D¯lms. Large depth may cause ghosting and°icker that will lead to discomfort among viewers watching 3D-TV. There are lots of parameters to represent depth information. The most common parameter is binocular disparity which is recognized as the most important factor to the depth perception 14 in the medium visual distance (i.e., the visual distance is 10 m). In our experiment, the visual distance is 3 m, so we use convergence angle instead.
14 As seen in Fig. 1 , is the convergence angle when people watch the object appearing on the screen. It can be represented by the visual distance d and the pupil distance AB in Eq. (1) . When the object is inside or outside the screen, the convergence angle or will be used. The convergence angle is equivalent to the positive disparity and the convergence angle is equivalent to the negative disparity.
Since only the negative disparity is discussed in this paper, a new parameter called RJD (the ratio of jumping out depth) was established to simplify the calculation complexity. In fact, the calculation of RJD is a part of the process in calculating the convergence angle. Equation (2) shows that RJD is a ratio which measures how far the object°ys out of the screen. If RJD equals 0, it means that the object is on the screen without any feeling of jumping out.
In Eq. (2), h s is the 3D-TV screen height. h is the distance of the object jumping out of the screen. Since CD is the overlap distance of the left and the right picture which can be measured on the screen, h will be elicited from the similar triangle theorem [Eqs. (3) and (4)].
h=ðd À hÞ ¼ CD=AB; ð3Þ
Gravity frequency
GF is an EEG factor that re°ects the distribution of EEG power spectrum. 15 It also represents the migration of EEG power spectrum in di®erent conditions. 16 It can be expressed as in Eq. (5), in whicĥ pðwÞ represents the power spectral density (PSD). w represents the frequency of the EEG signal. w 2 and w 1 represent the top and bottom frequency which were respectively de¯ned as 30 Hz and 0.5 Hz in this study. 
Experiments 3.1. Volunteers
Ten right-handed male volunteers (age: 22-25) participated in experiments. None was reported to have neurological disorders like epileptic seizures which would be an interference to EEG acquisition. All of them had normal stereo vision. They were requested to keep their scalp clean and have a good rest before the experiment was conducted. All volunteers were measured all over the experiment.
Experiment¯lm sources
Film sources included four¯lm segments which were cut from three 3D¯lms named Open Season, Magic and Sky in the format of the left and right. They had di®erent ranges of RJD. The minimum RJD was 0 and the maximum RJD was about 3.4. The¯rst and the second segments were major in small RJD while the third and the fourth segments were major in large RJD. The duration of each segment was 137 s. RJD of each screenshot was calculated in s.
Experiment procedure
The experiments were conducted at 6:30 pm, the room temperature was kept at 23:2 AE 3:2 C. Curtains were closed against the light disturbances. All lm sources were displayed on a 3D-TV (Hisense, LED46XT39G3D). Volunteers wore a pair of shutter glasses (FPS3D02) while watching these segments. Four segments were played in order and all of them were in silent mode so that the interferences from the sound could be eliminated. At the beginning of each segment and at the end of the last segment, a 60-s relaxation was arranged for the volunteer. EEG signals were recorded throughout the experiment by a 16-lead electroencephalograph from Vishee (VEEG1320 Electroencephalograph).
Parameter settings
The electroencephalograph was set as 256 Hz sampling rate, 50 Hz notch and 0.5-30 Hz band-pass ltering. The electrode positions were a subset of the international 10-20 system sites (Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5 and T6). The GND electrode was located between Fp1 and Fp2 on the forehead. A1 and A2 were two reference electrodes on each earlobe. All electrodes were referenced to the ground and later referenced to the mean between A1 and A2 digitally. The impedance level was kept under 30 K ohms until the experiment began.
Results
The EEG data of watching four¯lm segments were analyzed. After excluding the artifacts like eyemovements and bad-blocks by EEGLAB, the GF was calculated in seconds. GFs of four segments were put together based on RJD, that is, GFs of 16 channels were integrated in accordance with RJD and GFs belong to the same channel and the same RJD would be set in one column. As a result, there were 16 columns totally. Each column was averaged after the integration and the GF mean value would be ranked in RJD ascending order ultimately. Figure 2 shows the distribution of GF of 16 channels on the scalp when RJD increased. In order to have a constant RJD interval in the following regression analysis, we set one-¯fth as an RJD step. This¯gure shows the total distribution of GF with di®erent RJDs. It indicated that whatever the RJD was, GF increased from the forehead (Fp1, Fp2) to the occipital lobe (O1, O2, Oz). Figure 3 shows some best curve¯ttings of GF to RJD in Fp1, F3, O2 and T5 channels, in which the x-axis represented the variation of RJD and the y-axis represented GF. Except that O2 channel had a linear decrease when RJD increased, Fp1, F3 and T5 channels had nonlinear curve¯ttings, especially in the majority of quadratic and cubic curves. The best curve¯tting expressions of Fp1 (p ¼ 0:020, 
From the tendency of GF in Fig. 3 , it was easy tō nd that some channels had an approximate linear change when RJD was divided into several subranges. Meaningful curve¯ttings of picked channels are drawn in Fig. 4 , where x-axis and y-axis have the same meaning as in Fig. 3 . As depicted in Fig. 4(a) , if RJD was from 2.2 to 3.4, the change of GF was linear as well whereas some sub-ranges (i.e., RJD ¼ 0-0.8) would have no meaningful curve¯t-tings. Although some channels like Fp2 channel and C3 channel did not show well curve¯ttings in the total RJD range (RJD ¼ 0-3.4), the linear¯ttings in a certain sub-ranges were meaningful. The¯tting equations of these channels were declared as follows:
No curve¯ttings. 
Discussion
Subjective questionnaires were also conducted. From the subjective questionnaires, few people had fatigue when watching small RJD 3D segments. However, most of them had uncomfortable symptoms of eyes when watching large RJD 3D segments. Their eyes felt dry and pu®y. In addition, dizziness also emerged. It indicates that the depth information truly has an in°uence on human beings. Because of lack of researches on the cause of discomfort in 3D-TV, a simple, convenient and reliable quantitative measurement is necessary.
Since it has been certi¯ed that GF will shift to a low frequency when people have fatigue, GF seems to be a good parameter to measure the in°uence that depth information has on human body. When the fatigue increases, the cerebral cortex is inhibited more easily. 17 Another study reported that GF could re°ect the change of the emotion, for example, people who watched a sad movie would make GF become lower. 15 In addition, it is known that some stimuli like imagination or perception activity will cause rhythm. According to this statement, RJD, as a visual stimulus in this paper, may create more rhythm and inhibit the high-frequency components. As shown in Fig. 2 , GF on the scalp was in the range of rhythm, which was highest in occipital lobe and lowest in frontal lobe. It might be con¯rmed that the 3D e®ect had a stronger in°uence on the frontal lobe than on the occipital lobe. Combined with the subjective questionnaires, it might be also be explained why volunteers had discomfort in their eyes. Based on the curve¯ttings, it was easy to detect that O2 channel shows a linear decrease when RJD varied from 0 to 3.4. Theoretically the higher coe±cient of determination (R 2 ) seems to be better, but in some biostatistics papers, R 2 usually can be accepted between 0.3 and 0.5.
18,19 R 2 depends on the number of sample points, 19 so the following result shows that R 2 improved when GF is expressed as an approximate linear role in a certain range of RJD. There were no meaningful¯tting expressions in Fp1 and Fp2 when the RJD was between 0 and 0.6 (maybe it could be expanded to 0.8). It may indicate that discomfort is not obvious in this range which means the RJD in this range causes little e®ect to human bodies. Subtle changes in this range could be observed through F3, C3 and T5. When RJD was in the range 0.8 to 2.2, all meaningful curve¯ttings of GF were raising. It is suggested that people could be in an excitatory state when seeing negative disparity in that RJD range. The above shows a suitable RJD range in 3D lms for people to watch. However, when RJD was above 2.2, all meaningful curve¯ttings of GF were decreasing. It means that excessive negative disparity could lead to discomfort to human body. This was consistent with the ophthalmic research of eye discomfort when the negative disparity is more than 1 . 9, 20 According to the conversion between RJD and the negative disparity, it is easy to¯nd that RJD ¼ 2:2 is approximately equal to 1 negative disparity. Therefore, 3D e®ect in this range is not suitable to appear frequently in 3D¯lms.
There were also some limitations in this study. Only the volunteers' symptoms were collected, so the quantitative analysis of subjective evaluation to RJD could not be done. In other aspects, volunteers were undergraduate or graduate students in our lab. All of them were male students and similar age. Therefore, the limitation existed all at once. Regardless of the di®erence in pupil distance, we acquiesced in the pupil distance as a default of 65 mm. But literatures reported that all points mentioned above would have a slight in°uence on the result. 9,21,,23 RJD is a more important new parameter, which simpli¯es the complexity of the calculation. Its principle is understandable and its value can be obtained manually. Actually it is a simple, convenient and reliable quantitative measurement to evaluate the in°uence of the 3D¯lm depth information on human beings.
Conclusion
A simple and convenient parameter named RJD was de¯ned in this study. It simpli¯es the computation complexity of the whole experiment. Owing to RJD, some detailed information comes out when the negative disparity changes. It is noticed that the depth information has a stronger in°uence on the frontal lobe than on the occipital lobe for the lowest GF in Fp1 channel and Fp2 channel. For regression analysis, the¯tting equations of GF and RJD were deduced from EEG experiment. The equations are nonlinear in Fp1, F3 and T5, while the equation is linear in O2 when RJD ranges from 0 to 3.4. When RJD is divided into several ranges, the nonlinear role becomes linear in di®erent ranges. Due to the discomfort which mainly occurs in eyes, the GF variation tendency of Fp1 and Fp2 channel seems to be more important. This paper also provides a suitable negative disparity range for people to watch°ims in 3D and makes subjective responses more reliable. These quantitative results will help people decrease discomfort and maintain a healthy state. It provides further guidance for the 3D industry. 
